Hepatitis A virus (HAV) is a foodborne pathogen frequently implicated in cases of acute gastroenteritis around the world. The virus is transmitted among humans via the fecal-oral route, and infection by HAV represents the most serious form of viral illness acquired from foods. The most common food vehicles for the transmission of HAV to humans are shellfish (21) , fruits, and vegetables, (8, 9, 20) . These foods may be contaminated by irrigation water tainted with untreated sewage or by contact with infected human food handlers (9, 18, 22) .
HAV and other viruses implicated in foodborne illness are often found in very low concentrations in contaminated foods since they are not able to multiply in vitro. The ability to detect traces of HAV contamination in foods and related samples is essential in developing tools for the investigation and possible prevention of viral disease outbreaks. Traditional methods for the detection of enteric viruses in foods involve their extraction from the sample matrix and concentration, followed by viral multiplication in sensitive cell cultures in which characteristic cytopathic effects can be visualized (24) . These assays are cumbersome, costly, and time consuming, with the cytopathic effect often requiring more than 1 week to observe. Furthermore, there is no single cell culture system available which allows the propagation of all human enteric viruses. Moreover, some human enteric viruses replicate in cell culture without any apparent cytopathic effect (19) . For many other epidemiologically significant enteric viruses, propagation in cell culture is not possible.
Molecular biology techniques have been proposed for the sensitive and specific detection of some enteric viruses. Nucleic acid hybridization techniques have been used to detect viruses in foods. Hybridization of DNA or RNA probes to target viral RNA has been reported to detect from 10 4 to 10 5 PFU (13, 28) . These hybridization techniques lack sufficient sensitivity for the direct detection of low numbers of viral particles in foods. More recently, nucleic acid amplification techniques have been developed for the detection of low numbers of viral particles. To date, the reverse transcription-PCR (RT-PCR) technique is the only published method offering the possibility of direct detection of enteric viruses in foods (6, 10) . In RT-PCR the viral target nucleic acid (RNA) is first converted to complementary double-stranded DNA (cDNA) in a reversetranscription step, followed by PCR amplification of the target cDNA sequences to a level detectable by a DNA probe or gel electrophoresis. Lopez-Sabater et al. (15) have shown that levels of HAV ranging from 10 to 10 5 PFU were successfully detected in artificially contaminated samples of shucked American oysters by use of magnetic immunoseparation followed by RT-PCR. Jothikumar et al. (11) have detected 0.04 PFU of cell culture-adapted HAV added to water and sewage samples by RT-PCR after immunomagnetic concentration. However, RT-PCR procedures have the disadvantages of requiring a twostep amplification process and relying on the use of expensive thermal cycling equipment, which add to the complexity and cost of their implementation for routine testing programs.
An alternative to RT-PCR that is potentially applicable to the detection of enteric viruses is the nucleic acid sequencebased amplification (NASBA) technique. NASBA is a homo-geneous, isothermal RNA amplification process involving the action of three enzymes, reverse transcriptase, T7 RNA polymerase, and RNase-H, as well as two target sequence-specific oligonucleotide primers (one of which bears a bacteriophage T7 promoter sequence appended to its 5Ј end), acting in concert to amplify target sequences more than 10 8 -fold (5) . Its advantage over the traditional RT-PCR technique is its suitability for the direct amplification of RNA targets, obviating the need for thermal cycling equipment. NASBA has been successfully applied to the detection of pathogenic bacteria, such as Listeria monocytogenes (2, 3) , Campylobacter (26) , and Mycobacterium (27) . NASBA has also been used for the amplification of RNA from the human immunodeficiency virus in infected cells, blood, and plasma (12) . However, it has never been used for the detection of enteric viruses in either food or clinical samples. A major interest of our research team is developing alternative nucleic acid amplification techniques such as NASBA for the ultrasensitive detection of various enteric viruses in foods. In this paper, we focus on the development of a NASBA technique for the detection of HAV in both experimentally inoculated waste water and food samples.
MATERIALS AND METHODS
Preparation of viral and bacterial stocks. The cytopathic HAV strain HM-175 (provided by S. Bidawid, Bureau of Microbial Hazards, Health Canada) was chosen as the viral model for this work. The HM-175 strain has the advantage of being readily quantifiable by plaque assay in cell culture (7) . The virus was propagated in FRhK-4 cells as described by Mbithi et al. (16, 17) . The viral stock solution was concentrated by precipitation with 8% (wt/vol) PEG 6000 followed by centrifugation at 10,000 ϫ g for 20 min. The pellet was resuspended in RNase-free water at a final concentration of 10 9 PFU/ml (14) , and the concentrated stock solution was stored in 1-ml fractions at Ϫ80°C until use. Rotavirus (Institut Armand-Frappier, Montréal, Canada) and various bacterial strains, including L. monocytogenes (ATCC-43256) and Escherichia coli O157:H7 (ATCC-11775), were used to evaluate whether or not the presence of nonhomologous microorganisms interferes with the amplification reaction by NASBA. Bacterial strains were grown in tryptic soy broth (Difco Laboratories, Detroit, Mich.), and bacterial counts were determined by plating on tryptic soy agar (Difco).
Plaque assay. The HAV concentration in the stock suspension was determined by plaque assay on a FRhK-4 cell monolayer (16, 17) . Wells of six cluster plates (Falcon, Becton Dickinson, Franklin Lakes, N.J.) were inoculated with 0.1 ml of sequential dilutions of HAV in Eagle minimum essential medium (Life Technologies, Burlington, Canada) with 10% fetal bovine serum (HyClone, Logan, Utah), 2 mM glutamine (Life Technologies), 0.1 mM nonessential amino acids (Life Technologies), 0.015 M HEPES (Life Technologies), and 0.113% sodium bicarbonate (Life Technologies). The virus was allowed to adsorb for 90 min at 37°C in the presence of 5% CO 2 . Each well was overlaid with 2 ml of a semisolid agarose-containing overlay medium. The plates were incubated in a humid atmosphere at 37°C with 5% CO 2 for 8 days. The monolayers were fixed and stained as described by Sattar et al. (23) and examined for the characteristic plaque lysis resulting from the cytopathic effect.
Primers and oligonucleotide probes. A variety of oligonucleotides were selected from published HAV nucleic acid sequences, synthesized, and gel purified before use (Table 1) . NASBA primers bearing the bacteriophage T7 RNA polymerase promoter binding and preferred transcriptional initiation sequence at their 5Ј end are indicated with the prefix T7. The target-complementary portions of primers P1 and P2 have been characterized by Cromeans et al. (6) . The remaining primers were selected from published nucleotide sequences of the genes encoding VP1 and VP2 (GenBank, accession number 14707). Digoxigenin (DIG)-labeled oligonucleotide probes internal to the nucleotide regions defined by the different primer pairs were synthesized for the detection of amplified target nucleic acid sequences by solid phase hybridization as described below.
NASBA procedure. The NASBA reactions were performed as described by Blais et al. (3) with some modifications. The principle of the NASBA reaction is shown in Fig. 1 . The final reaction mixture volume was 25 l. An 18-l prereaction mixture was prepared to give final concentrations in 25 l of 40 mM Tris-HCl (pH 8.5), 50 mM KCl, 12 mM MgCl 2 , 1 mM (each) deoxyribonucleoside triphosphate, 2 mM (each) ribonucleoside-5Ј-triphosphate, 10 mM dithiothreitol, 15% (vol/vol) dimethylsulphoxide, and 5 pmol of each gel-purified primer. Five microliters of purified viral RNA or crude viral lysate was added to the 18 l of prereaction mixture in a 0.6-ml microcentrifuge tube, which was incubated for 5 min at 65°C in order to disrupt secondary structure in the target RNA. Viral lysate was prepared by heating the viral suspension at 100°C for 5 min, and viral RNA was purified using Trizol Reagent (Life Technologies) according to the manufacturer's instructions. Each tube was immediately transferred to a circulating water bath adjusted to 40°C. After 5 min, 2 l of an enzyme mixture containing 2.6 g of bovine serum albumin (in 50% glycerol; Roche Diagnostics, Laval, Canada), 40 U of T7 RNA polymerase (Pharmacia, Baie d'Urfé, Canada), 8 U of avian myeloblastosis virus reverse transcriptase (Seikagaku, Ijamsville, Md.), 0.2 U of RNase H (Pharmacia), and 12.5 U of RNasin (Promega, Madison, Wisc.) were added to each tube, followed by incubation at 40 Ϯ 1°C for 90, 150, or 210 min. The amplification products were analyzed by denaturing agarose gel electrophoresis, by Northern blot or dot blot hybridization onto a nylon membrane using one of the DIG-labeled oligonucleotide probes.
Denaturing agarose gel electrophoresis and Northern blotting. For the analysis of NASBA products by denaturing agarose gel electrophoresis, 5 l of NASBA amplification products as well as 5 l of an RNA molecular weight marker (Roche Diagnostics) were first prepared in loading buffer (10 l of formamide, 4.5 l of formaldehyde, and 2 l of 10ϫ running buffer [0.2 M borate buffer, pH 8.3, containing 2 mM EDTA]). Samples were heated at 65°C for 2 min and cooled on ice, and 2 l of tracking dye (bromophenol blue and xylene cyanol in 50% glycerol) was added. Each sample was analyzed on a 1.2% denaturing agarose gel (130 V for 75 min in 1ϫ running buffer added with 6% formaldehyde). The gel was washed several times with water and stained in ethidium bromide. After being destained overnight in water, the gel was examined under UV light. For Northern blot analysis, amplified RNA was transferred from the gel onto a positively charged nylon membrane (Roche Diagnostics) for 1 h using a vacuum transfer apparatus (PosiBlot pressure blotter; Stratagene, La Jolla, Calif.) in the presence of 10ϫ SSC (1ϫ SSC is 0.15 M NaCl and 15 mM Na citrate). The nylon membrane was subjected to the hybridization and detection procedures as described below. Dot blotting. The NASBA product was diluted 1:1 with 20ϫ SSC, and 3-l aliquots of the diluted product were deposited onto a strip of nylon membrane. The spots were allowed to air dry, and the RNA was cross-linked to the membrane by a 2-min exposure to UV using a UV cross-linker (model CL-1000; UVP, San Gabriel, Calif.). The membranes were subjected to the probe hybridization and detection procedure described below.
Solid phase hybridization and detection of NASBA-amplified RNA. After Northern blotting or dot blotting, nylon membranes were prehybridized for 30 min at 55°C in RNase-free hybridization solution containing 5ϫ SSC, 0.1% (wt/vol) N-laurylsarcosine, 0.02% (wt/vol) sodium dodecyl sulfate (SDS) and 1% (wt/vol) protein blocking reagent (Roche Diagnostics). Hybridization was carried out for 2 h at 55°C in 5 ml of the same hybridization solution containing 50 nM of the DIG-labeled oligonucleotide probe. Both prehybridization and hybridization were carried out in a hybridization oven (model 400; Robbins Scientific, Sunnyvale, Calif.). Unbound probe was removed by washing the membrane twice for 5 min at room temperature in 2ϫ SSC containing 0.1% (wt/vol) SDS and twice for 15 min at 55°C with 0.1ϫ SSC containing 0.1% (wt/vol) SDS. The membrane was incubated for 30 min in a blocking solution (0.1 M maleic acid and 0.15 M NaCl [pH 7.5] containing 1% [wt/vol] blocking reagent) prior to immunoenzymatic detection of the bound probe. The immunoenzymatic detection procedure consists of the incubation of membranes for 30 min at room temperature in the presence of anti-DIG-peroxidase (Roche Diagnostics) at a concentration of 75 mU/ml in the blocking solution followed by five washes in PBS-T (0.01 mmol of phosphate-buffered saline [pH 7.2]/liter plus 0.85% NaCl and 0.05% Tween 20). Bound peroxidase was assayed using 3,3Ј,5,5Ј-tetramethylbenzidine (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) substrate solution. A positive result was characterized by the formation of a blue precipitate.
Comparison of the sensitivity between NASBA and RT-PCR. To evaluate whether or not the NASBA offers higher sensitivity than RT-PCR, an experiment was designed in which 10-fold serial dilutions of purified HAV RNA starting at 400 ng/ml and 5-fold serial dilutions of crude HAV viral lysate starting at 5 ϫ 10 6 PFU/ml were prepared and amplified by both techniques. For RT-PCR, primers P1 and P2 (Table 1) and amplification conditions as well as the oligoprobe hybridization conditions reported by Cromeans et al. (6) were used. For NASBA, the same primers and oligoprobe were used, except that in this case the P2 primer contained the bacteriophage T7 RNA polymerase promoter sequence (T7-P2). Three microliters of each amplified product diluted 1:1 with 20ϫ SSC was transferred to a nylon membrane and hybridized with the respective DIGlabeled oligoprobe. This experiment was repeated twice, and the negative control sample, consisting of 5 l of RNase-free water which did not contain any target RNA or viruses, was also considered. Detection of HAV added to waste water. Waste water samples were collected from a sewage treatment plant in Saint-Nicolas, Canada, at different stages of the treatment (raw waste water, waste water after aerobic digestion with activated sludge, and waste water after aerobic digestion and UV treatment). Before use, waste water samples were analyzed for total bacteria and fecal coliforms using plate count agar and violet red bile agar (Difco), respectively. Samples were experimentally inoculated with 10 6 PFU of HAV/ml, and 5 l of each sample was heated to 100°C for 5 min to lyse the virus particles and subjected to the NASBA and dot blot hybridization procedure as described above. Unexperimentally inoculated waste water samples were also analyzed by NASBA for the presence of HAV background.
Simulation of food contamination by HAV using experimentally inoculated water. Lettuce and blueberry samples obtained from a local retailer were inoculated with experimentally HAV-inoculated water as follows.
(i) for Boston lettuce, 20 l of water containing 10 8 PFU of HAV/ml was spotted on a 3-cm 2 area of leaf. The spot was air dried for 30 min at room temperature, and viruses were eluted therefrom by washing through repeatedly drawing and expelling in a micropipette 100 l of the following buffers: tryptose phosphate broth (Difco), 3% beef extract (Difco), phosphate-buffered saline (PBS), PBS-Tween 20, PBS-Triton X-100, and MilliQ water. Negative control samples were handled exactly as was the experimentally inoculated sample using HAV-free water. The efficiencies of the various buffers were evaluated by determining the viral titer in the eluate using the plaque assay described above. The buffer giving the highest elution was used for the recovery of HAV from the contaminated lettuce samples. Fifty microliters of eluate was heated to 100°C for 5 min to disrupt the viral particles, and 5 l of this sample was subjected to NASBA as described above.
(ii) For blueberries, a similar inoculation protocol was used. To elute the viruses, blueberry samples were placed in a 5-ml test tube containing 100 l of the selected elution buffer. The eluate was recovered and heat treated as described above prior to performing the NASBA.
All experiments were performed at least twice to ensure repeatability of the results obtained.
RESULTS
Efficiencies of different primer pairs in the NASBA.The efficiencies of four different oligonucleotide primer pairs for the amplification of different specific regions within the HAV genome by the NASBA reaction were compared. Two of these pairs target sequences within the gene encoding VP1, and the other two target sequences within the gene encoding VP2 ( Table 1 ). The efficiency of each primer pair was assessed by the determination of the minimum detection limit using both purified RNA and crude viral lysate. The lowest detection limit was obtained with the primer pair BB and P, which enabled the detection of a minimum of 0.4 ng of purified RNA/ml compared to 4 ng/ml for HPA and 40 ng/ml for the AD primer pair (data not shown). When crude HAV viral lysate was used, a detection limit of 2 PFU (4 ϫ 10 2 PFU/ml) with BB primers, compared to 50 PFU (10 4 PFU/ml) obtained with primer pair P and 500 PFU (10 5 PFU/ml) for primer pairs HPA and AD (data not shown). BB primers were selected and used for the rest of the study, except for the comparison between RT-PCR and NASBA in which P primers were used.
Analysis of NASBA products. As shown in Fig. 1 , the main product of the NASBA reaction is antisense RNA. To characterize the products of the HAV NASBA, the detection was achieved by both denaturing agarose gel electrophoresis and Northern blotting. The separation of NASBA products by denaturing agarose gel electrophoresis results in a very sharp band corresponding to the expected size for the RNA product of 474 nucleotides ( Fig. 2A) . No band was observed with the negative control. The specificity of the band obtained was confirmed by Northern blotting using a DIG-labeled oligoprobe. In this case, the NASBA product was electrophoretically separated on an agarose gel, transferred onto a nylon membrane, and hybridized with a DIG-labeled oligoprobe. The amplification product generated a strong hybridization signal of a molecular size corresponding to the expected value of 474 nucleotides (Fig. 2B) . The smaller band evident on the membrane likely corresponds to amplification intermediates of the NASBA reaction. These results confirm that the NASBA system employing primer pair BB effectively amplified the target region of the HAV genome.
Time course for the NASBA reaction. In the previous experiments the NASBA reaction was carried out for 90 min. In order to verify whether this incubation period was sufficient to produce the maximum signal, we studied the effect of longer incubation periods on the sensitivity of NASBA using the primer pair BB and 10-fold serial dilutions of purified HAV RNA samples. As shown in Fig. 3 , the highest sensitivity was obtained when an amplification time of 210 min was used, resulting in the detection of as little as 0.4 ng/ml. Lower amplification times result in a slight loss of sensitivity, since a concentration of 4 ng of RNA/ml was needed to obtain a detectable signal. For the rest of the study, a time of 210 min was used during the amplification reaction by NASBA.
Sensitivity of the NASBA system. To determine the minimum number of PFU detectable by the NASBA system, samples containing twofold serially diluted HAV (6.4 ϫ 10 4 to 1.5 ϫ 10 2 PFU/ml) were prepared in duplicate and subjected to the NASBA and dot blot hybridization procedure. The NASBA system was capable of producing a detectable signal with a minimum viral concentration of 4 ϫ 10 2 PFU/ml (Fig.  4) . This minimum viral concentration corresponds to as low as FIG. 2 . Analysis of the NASBA products by denaturing agarose gel electrophoresis (A) and by Northern blotting (B). NASBA was performed using BB primers. Lanes 1, RNA molecular weight marker III; lanes 2, NASBA product from HAV; lanes 3, NASBA negative control.
2 PFU if we consider that only 5 l from each viral dilution was added to the reaction mixture and submitted to amplification by NASBA (the lowest dilution giving a detectable signal with NASBA was 4 ϫ 10 2 PFU/ml [0.4 PFU/l], and the detection limit was 2 PFU [0.4 PFU ϫ 5 l]).
Comparison of the sensitivity of the NASBA and RT-PCR. One of the major goals of this study was to compare the efficiency of NASBA for direct, sensitive, and rapid amplification of viral target RNA and to investigate the suitability of the NASBA technique as an alternative approach to RT-PCR. In this part of the work, the sensitivity of the NASBA was compared to that of RT-PCR using both 10-fold serial dilutions of HAV target RNA and 5-fold serial dilutions of crude HAV viral lysates. For RT-PCR, the primers and oligoprobe described by Cromeans et al. (6) were used. The same primers and probe were used for the amplification by NASBA, with the exception that the reverse primer contained the bacteriophage T7 RNA polymerase promoter sequence (Table 1) . Using the NASBA technique, as little as 0.4 ng of target RNA/ml gave a detectable signal after amplification and dot blot hybridization. This is 10 times more sensitive than the RT-PCR, which allowed the detection of only 4 ng of target RNA/ml (Fig. 5) .
When crude HAV viral lysate was used as a template, a minimum of 50 PFU (10 4 PFU/ml) could be detected by NASBA, compared to a minimum of 200 PFU (4 ϫ 10 4 PFU/ ml) by RT-PCR (data not shown). These experiments demonstrate the superiority of the NASBA technique over RT-PCR for the amplification of viral target RNA and its great potential for the direct amplification of target RNA sequences.
Specificity of the NASBA system. The specificity of the NASBA system was examined by carrying out amplification reactions with and without HAV in the presence of various amounts of nontarget microorganisms and nucleic acids. The presence of nontarget bacteria, such as E. coli and L. monocytogenes, which are frequently encountered in foods and related samples, did not interfere with the amplification and detection of HAV with NASBA (Table 2) . When added at concentrations lower than 10 5 PFU/ml, rotavirus did not seem to interfere with the amplification of target nucleic acid from HAV. However, when rotavirus was added at a concentration of 10 6 PFU/ml or more, no specific signal was obtained even in the presence of HAV, indicating possible interference of nonhomologous RNA with the NASBA reaction. (Table 2) . No interference was encountered when excess amounts of yeast FIG. 3 . Time course of the NASBA reaction and effect on sensitivity. Samples containing 10-fold serial dilutions of HAV RNA ranging from 400 to 0.04 ng/ml were prepared and subjected to the NASBA reaction for 90, 150, and 210 min, followed by hybridization with the DIG-labeled probe as described in Materials and Methods .   FIG. 4 . Sensitivity of the NASBA system. Samples containing twofold serially diluted HAV starting at 6.4 ϫ 10 4 PFU/ml were subjected to the NASBA and dot blot hybridization procedure described in Materials and Methods. The detection limit is expressed as the minimum concentration of HAV giving a detectable signal by dot blot hybridization.
FIG. 5.
Comparison of the sensitivity in the detection of target HAV RNA and HAV lysate between the developed NASBA using BB primers and RT-PCR using P primers. Tenfold serial dilutions of purified target RNA ranging from 400 to 0.04 ng/ml (A) and 10-fold serially diluted HAV lysate starting at 10 6 PFU/ml (B) were prepared and subjected to either the RT-PCR (lanes 1) or NASBA (lanes 2). The detection limit is expressed as the minimum concentration of target RNA giving a detectable signal by dot blot hybridization.
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tRNA or E. coli rRNA (Roche Diagnostics) were added in the NASBA mixture reaction.
No signal was obtained with any of the above nontarget agents when the procedure was carried out in the absence of HAV, thus demonstrating the specificity of the NASBA assay system for HAV sequences.
Application of the NASBA system to the detection of HAV in waste water and foods. Waste water samples taken from a local municipal facility at different stages during the treatment process were analyzed for total bacterial count and fecal coliforms. Raw waste water contained 2.5 ϫ 10 6 CFU of total bacteria/ml and 2 ϫ 10 5 CFU of fecal coliforms/ml compared to 8.5 ϫ 10 3 CFU of total bacteria/ml and 1.5 ϫ 10 3 CFU of fecal coliforms/ml for waste water after digestion and 7.5 ϫ 10 1 CFU of total bacteria/ml and no fecal coliforms for waste water after digestion and UV treatment. The effectiveness of the NASBA for detecting HAV in waste water and foods was investigated. The three types of waste waters were experimentally inoculated with HAV at a final concentration of 10 6 PFU/ml and processed by the developed NASBA procedure. A strong positive signal was obtained with waste water which was inoculated with HAV after aerobic digestion and UV treatment, although a weaker signal was obtained with the raw waste water sample (Fig. 6A) .
The ability of the NASBA system to detect HAV eluted from the surfaces of food samples, such as fruits and vegetables, was also examined. All four eluants tested showed an elution recovery of 80% (data not shown). When water was used as an eluant, the analysis of the eluate by NASBA and dot blot hybridization revealed a strong specific hybridization signal (Fig. 6B) , while no signal was obtained with control samples, confirming the specificity of the signal obtained.
DISCUSSION
Until recently, the RT-PCR technique has been the only molecular amplification approach put into practice for the detection of enteric viruses. In this study, we propose the NASBA technique, an amplification approach allowing direct and isothermal amplification of viral RNA, as an alternative to RT-PCR. There is no doubt that RT-PCR has provided several advantages over nucleic acid probes and immunological methods for the detection of food pathogens in general and specifically enteric viruses. However, in its present form, RT-PCR does not allow detection of low concentrations of enteric viruses unless combined with a concentration step. Moreover, RT-PCR involves two amplifications steps which are highly susceptible to contamination by inhibitors. We have demonstrated that the NASBA technique coupled with a simple dot blot hybridization assay offers a great potential for the sensitive and specific detection of HAV. We have clearly demonstrated that NASBA was more sensitive than the RT-PCR method published by Cromeans et al. (6) . In contrast with RT-PCR, NASBA is performed in a single step and at one temperature 6 PFU/ml. Five microliters of sample was subjected to the NASBA and dot blot hybridization procedure as described in Materials and Methods. (A) 1, spiked Rnase-free water (positive control); 2, spiked raw waste water; 3, spiked waste water after aerobic digestion before UV treatment; 4, spiked waste water after aerobic digestion and UV treatment; 5, negative control (unspiked waste water sample). For panel B, lettuce and blueberry samples were inoculated as described in Material and Methods using HAV-spiked water. Attached viruses were eluted, and 5 l of the eluate was subjected to the NASBA and dot blot hybridization procedure. 1, signal obtained using eluate from spiked lettuce; 2, signal obtained using eluate from spiked blueberries. In this case, the negative controls consisted of eluates from lettuce and blueberries treated with uncontaminated water (data not presented).
(40°C), compared to two steps for RT-PCR and different temperatures for each PCR cycle. Moreover, NASBA is performed in a simple water bath and does not need any extra pieces of equipment, in contrast to RT-PCR, which requires a thermocycler. In principle, NASBA has a much higher inherent amplification capability than RT-PCR, since in the former technique each cDNA template serves to produce many RNA copies at every cycle, while in the latter, each cDNA doubles in number at each cycle. Detection limits of 0.4 ng of purified HAV RNA/ml and 2 PFU (4 ϫ 10 2 PFU/ml) of HAV were obtained after only 210 min with NASBA. This incubation time probably allows the highest amplicon accumulation needed to achieve the detection limit of 4 ϫ 10 2 PFU/ml. A longer amplification time was used (240 min), and more intense signals were obtained, but the detection limit remains the same. This may be due to the high yield of amplicons obtainable with NASBA, which has been reported to produce a 10 8 -fold amplification of target nucleic acid sequences (25) . The detection limit of the NASBA system was found to vary with the primer sequences selected, underscoring the importance of examining a variety of primer sequences when designing a new NASBA system. Primer pair BB, selected in this study, targets sequences located within the gene encoding VP2, which is highly conserved among differing HAV strains (4) .
The specificity of the NASBA reaction for HAV was demonstrated by Northern blot analysis, which has shown a band with the expected molecular size, and by dot blot hybridization, which has shown a specific signal. No specific signal was obtained with nontarget nucleic acid sequences from various sources. The fact that HAV could be amplified even in the presence of an abundance of nontarget nucleic acid demonstrates the potential of this technique to detect HAV in samples containing high loads of extraneous microorganisms, as is routinely encountered in many foods and environmental samples.
The performance of the NASBA system was also examined by analysis of HAV inoculated in waste water, lettuce, and blueberries, which represent typical samples having the potential for contamination with HAV. In waste water, a detectable specific signal was obtained with the different samples tested, including those collected before UV treatment, which are often heavily contaminated with fecal coliforms. This result further confirms the specificity of the NASBA system and its ability to detect HAV without any interference in complex samples. When fruit and vegetable samples deliberately contaminated with HAV were tested, a strong hybridization signal was obtained with the NASBA system after elution of the attached viruses. These results represent a further confirmation of the potential of the NASBA system. The simulated contamination protocol used in our study was considered suitable for the validation of the detection method developed, since natural contamination of such food samples usually involves drying of contaminated water on the food surfaces. Based on this study, we conclude that the NASBA technique offers great promise for the detection of HAV in foods and related samples. The NASBA process, with its integration of the RT step, is particularly well suited for the amplification of RNA viruses and should therefore be applicable to the detection of other enteric viruses. Work is now under way in our laboratories to improve the techniques for separation and concentration of HAV from complex sample matrices and for the application of the NASBA technique to the detection of other enteric viruses, such as rotavirus and the Norwalk-like viruses. More work is also necessary in order to study the performance of this approach in the assay of naturally contaminated samples.
